ABSTRACT: Elvers of the Japanese eel Anguilla japonica Temminck & Schlegel were collected from 6 estuaries in Taiwan, China and Japan. The fish were aged by counting otohth daily growth increments. The time of metamorphosis from leptocephali to glass eels was determined from the otolith increments where the width and strontium:calcium ratios changed drastically. Age upon arrival at the estuaries (mean i SDI was 154.71 + 10.69 to 182.06 * 12.43 d, while age at metamorphosis was 115.8 + 8-13 to 137.85 + 11.28 d. Both ages showed a geographic cline that increased from south to north. The time from metamorphosis to arrival at the estuaries averaged 31.73 * 7.58 to 45.02 +. 9.21 d. The lengthy duration of the leptocephalus stage and differences in the timing of metamorphosis are the principal factors in the long-distance dispersal of the eel.
INTRODUCTION
The Japanese eel Anguilla laponica Temminck & Schlegel is a temperate catadromous fish, widely distributed in rivers of the northeastern Asian countries Taiwan, China, Korea and Japan (Tesch 1977) . Development of the Japanese eel includes 5 stages, i.e. the leptocephalus, glass eel, elver, yellow eel and silver eel stages, similar to those of Anguilla anguilla (Bertin 1956 ). The Japanese eel was presumed to originate from the same panmictic population (Sang et al. 1994) , and its spawning grounds were recently discovered in the North Equatorial Current west of the Mariana Islands, 15" N, 140" E (Tsukamoto 1992) . The leptocephali drift with the North Equatorial Current from their spawning grounds. When they approach the continental shelf of the Philippines, they turn northward into the Kuroshio Current conveyed by the mechanism of Ekman transport (Kimura et al. 1994) . After reaching a fully grown size, leptocephali metamorphose into the glass eel stage and leave the strong Kuroshio Current 'Addressee for correspondence and reprint requests. E-mail: wntOccms.ntu.edu.tw (Tsukamoto 1990) . The glass eels become elvers upon arrival at estuaries. The elvers arrive at estuaries spread over an area of approxinlately 2000 km from south to north (Fig 1 ) . The mechanism determining the long-distance dispersal of the glass eel still remains open to discussion.
The body of a leptocephalus is shaped like a willowleaf, suitable for long-distance dispersal by a current. Accordingly, the timing of metamorphosis seems to be important in determining the geographic distribution of the eel. However, the collection of leptocephali is very difficult (Tanak 1975 , Kajihara et al. 1988 . The criterion for ascertaining the age of metamorphosis of a leptocephalus to a glass eel has been controversial (Tsukamoto & Umezawa 1990 , Leomte-Finiger 1992 , and there has been little use of otoliths in determining the early life history of the glass eel. Recent studies indicate that the age of the eel at metamorphosis can be determined by changes in otolith microstructures as well as by changes in the strontiun~:calcium (Sr:Ca) ratios in the daily growth increments of the otolith (Tzeng & Tsai 1992 , Otake et al. 1994 , Tzeng 1995 . These findings suggest that it is possible to reconstruct early life-history events from otoliths. were measured from the primordium to the otolith japonica at metamorphosis from leptocephali to glass edge using an electron microprobe equipped with a eels. These ages are used to understand the contribu-4-channel wavelength-dispersive spectrometer (WDS; tion of the lengthy leptocephalus stage and time delay Shimadzu-ARL EMX-SM). Procedures for embedding, in metamorphosis to the long-distance dispersal of sectioning, polishing, coating and etching otoliths Japanese eel larvae. for SEM and WDS followed those described by Tzeng (1990 ) and Tzeng & Tsai (1992 . The age of an elver was determined according to MATERIALS AND METHODS the number of daily growth increments in the otolith (Tzeng 1990 , Tzeng & Tsai 1992 . The age at rneta-A total of 240 elvers were collected from 6 estuaries: morphosis from a leptocephalus to a glass eel was estithe Tung-Kang and Shuang-Shi rivers in Taiwan, the mated from the number of daily growth increments in Ming-Chiang and Chyan-Tarng rivers in China, the the otolith of the elver counted from the primordium to Ichinomiya River in Japan and the Ya-Ru River the metamorphosis check, where otolith increment between Korea and China (Fig 1) . The elvers were width suddenly became narrow and the Sr:Ca ratio collected using dip nets during nightime flood tides, suddenly decreased (Otake et al. 1994 , Tzeng & Tsai The sampling dates are listed in Table 1 Total length 1994 length , Tzeng 1995 . To estimate the actual age of meta-(TL) of elvers was measured to the nearest 0.01 mm morphosis, 5 d were added to the number of the daily after fixation in 95 % alcohol for 1 wk. Using 30 samgrowth increments, because no increment is deposited ples of various ages, the length relationship before ( Y ) in the core of the otolith during the yolk-sac stage for and after (X) fixation is: 5 d (Tzeng 1990 , Tzeng & Tsai 1992 . The amount of time between metamorphosis and migration to the Y = -0.14 + 1.04X (r = 0.94).
estuaries was calculated by the number of daily growth This equation was used to adjust the length due to increments between the metamorphosis check and the alcohol fixation.
edge of the otolith. The pigmentation stages, which are important to Because counting daily growth increments in otoliths determine the developmental stages from glass eel to was time consuming, and the increments at and near the metamorphosis area were often diffusive and obscure, a subsample of otoliths with clear daily growth increments was selected for age-determination (Table 2 ) and their mean otolith growth increment widths on the corresponding radii were calculated. Then, the age at metanlorphosis (T,) was calculated from mean increment width and otolith radius by the following equation:
where A4, is the number of daily growth increments from the outer core to the metamorphosls check; R, and R, are the radii from the primordlum to the metamorphosis check and to the outer core, respectively (Fig. 2) ; WRm is the mean otolith growth increment width on R,; and t,,k is the duration of the yolk-sac period before a growth increment was deposited in the where R is the radius from the primordium to the edge of the otolith and W I R Y , , , is the mean increment width on the otolith from the metamorphosis check (MC) to the edge (E) (Fig. 2) . Then, the age of a n elver upon arrival at an estuary (T,) equals T, plus
Cr.
The hon~ogeneity of T,, T,, and C, among estuaries was tested with Scheffe's multiple range analysis (Sokal & Rohlf 1981) . Correlation coefficients were calculated among fish lengths, pigmentation stages, otolith maximum lengths, otolith radii at metamorphosis, age at metamorphosis, age upon arrival at the estuaries, and the amount of time needed for migration to the estuaries after metamorphosis. I 1 4 7 6 k 7 . 2 (8) 4 0 . 6 + 1 0 5 ( 7 ) 1 8 9 7 f 9 . 2 (7) There was a significant correlation between TL and the pigmentation stage of elvers (r = 0.32, df = 139, p < 0.0001).
Otolith microstructure and age determination
The microstructure of the otoliths of elvers showed obvious changes in phase contrast and crystal patterns (Fig. 3) . The brightness of the SEM otolith micrograph became darker beyond the MC (Fig. 3a) , and the incremental pattern changed from a circular form to a radial form beyond the check (Fig. 3b) . The increment widths gradually decreased beginning at approximately the 30th daily growth increment from the primordium and became smallest at the presumed MC, between approximately the 120th and the 150th daily growth increments from the primordium; beyond the check the increment widths drastically increased (Fig. 4 ) . These morphological changes corresponded with the drastic change in Sr contents or Sr:Ca ratios in the otolith as described in a previous study (Tzeng & Tsai 1994) , which associated the change with metamorphosis from a leptocephalus to a glass eel (Otake et al. 1994) . The leptocephalus is known to contain numerous gelatinous extracellular matrixes composed of sulfated glycosaminoglycans (GAG), which are broken down during the process of metamorphosis (Pfeiler 1984 (Pfeiler , 1986 (Pfeiler , 1991 . GAG exhibits an affinity to alkali earth elements and, in particular, to Sr (Nishizawa 1978) . GAG breakdown may reduce the absorption of Sr and result in a drastic decrease in otolith Sr contents and, consequently, in Sr:Ca ratios. Thus, the number of daily growth increments in the otolith, the timing of the drastic changes in the otolith microstructural pattern, and changes in Sr:Ca ratios in the otolith were used to estimate the age of metamorphosis from leptocephali to glass eels. Mean ( 5 SD) daily growth increments in otoliths from a subsample of elvers from the 6 estuaries a r e shown in Table 2 . Actual a g e at metamorphosis and upon arrival at the estuaries was based on the counts of daily growth increments plus the 5 d yolk-sac period. Mean otolith growth increment widths of elvers at different phases of their early life history are shown in Table 4 . Before metamorphosis the mean otolith growth increment widths showed a geographic cline, decreasing from south to north (Table 4B) , but after metamorphosis the mean increment widths were homogenous among the 6 estuaries (Table 4C ).
The number of daily growth increments from the outer core to the metamorphosis check (Y) was negatively correlated with the mean increment width (X) (Y = 224.759 -110.77X; r = -0.71, n = 37). This indicates that fast-growing leptocephali metamorphosed earlier. (Table 5 ). The eel had a lengthy leptocephalus stage during oceanic passive migration, and there was a geographic cline Scale bar = 20 pm Table 3 . Anguilla japonica. Otolith length and radii (mean i SD) of elvers collected from the 6 estuaries (T, S, M , C , Y and I) shown in Fig. 1 . R,, R,, and R are defined in Fig. 2 . Sample sizes in parentheses Sampling sites
Geographic cline in age at
Otolith length (pm) in age at metamorphosis that increased from south to DISCUSSION north (Fig. 6B) . The duration of the migration from the time of metamorphosis to the time of arrival at the estu-
The age of metamorphosis from a leptocephalus to a aries was 31.73 + 7.58 to 45.02 + 9.21 d (Table 5 ). This glass eel for the Japanese eel was determined by duration also showed a geographic cline that increased
Tsukamoto & Umezawa (1990) to be on the average from south to north except at Sites T, and T2 in southbetween 85 and 97 d , which is less than the 116 to ern Taiwan (Fig. 6 C ) .
138 d estimated by our study (Table 5 ) . This discrep- 
Sample size 45.02 + 9.21 Fig. 6 Anguilla japonica. Geographic cline in (A] a g e of elvers arnvlng at 6 estuaries, (B] a g e of leptocephali at metamorphosis, a n d (C) time between metamorphosis and arri\.dl at estuaries. The 6 estuaries (T, S, M. C , Y and I) are sh.own in Fig. 1 ancy is probably due to the different methods used to count the otolith daily growth increments around the metamorphosis zone. Tsukamoto & Umezawa (1990) indicated that otolith, increment widths became larger during the period when leptocephali metam.orphosed to glass eels. We found that increment widths became narrower in the area close to the metamorphosis check (Fig. 4) , where fine daily growth increments were present (Fig. 5) . Therefore, we believe that during the metamorphosing period otolith growth decreases and increment width becomes narrow, and, thus, we counted more increments. The duration of the leptocephalus stage was 116 to 138 d. A prolonged larval stage has also been fou.nd In other species, for example, 110 to 170 d for I n g George whiting Sillaginous punctata (Jenkins & hldy 1994) . Variation in the duration of the larval stage is an important factor in determining the distribution of a fish. In the absence of a suitable habitat for settlement, larvae may delay metamorphosis (Jackson & Strathmann 1981 , Victor 1986 ), a delay which may last for months in several species of invertebrates (Scheltema 1971 , Hadfield 1978 , Domanski 1984 , Pechenik et al. 1984 , Richmond 1985 . This flexibility in time of settlement and metamorphosis allows the larvae enough time to disperse over great distances in order to find a suitable habitat (Scheltema & Williams 1983 , Christopher & Leggett 1987 Interspecific ~~ariations in the length of the larval pc,riod and tho time at which metamorphosis takes place depends on the early life history strategy of a species and on the hydrodynamic processes operating at the time of the dispersal (Jenkins & May 1994).
The timing of the metamorphosis of a leptocephalus and transportation by the Kuroshio Current were considered to be important factors determining the ultimate destination of eels (Tsukamoto & Umezawa 1994). The velocity of the Kuroshio Current averages 2.5 knots (range 2 to 3 knots), i.e. 96 km d-' (77 to 116 km d-l) (Nitani 1972) . The difference in mean ages of leptocephali at metamorphosis to glass eels estimated from the elvers collected at the 6 estuaries in this study was approximately 22 d (Table 5 ) . This time lag allows the Kuroshio Current to disperse the leptocephali to a distance of about 2100 km at a velocity of 2.5 knots. This distance was very close to the estimated distance of approximately 2000 km between the northernmost and southernmost limits of the 6 estuaries studied (Fig. 1) . This evidence suggests that the timing of the metamorphosis of the leptocephali and the Kuroshio Current play important roles in the longdistance dispersal of the Japanese eel.
The mean increment widths of the otoliths from the outer core to the metamorphosis check for the elvers collected at the 6 estuaries showed a geographic cline that decreased from south to north, but age at metamorphosis increased from south to north. These opposite trends in the geographic clines of otolith growth rate and age at metamorphosis indicated that the fastgrowing leptocephall m.etamorphosed earlier and migrated to the southern estuaries of the distribution range, while the slow-growing ones metamorphosed later and migrated to the northern estuaries of the range. Apparently, age at metamorphosis is an important factor in determining the southern limit of the distribution of the Japanese eel.
The Japanese eel is seldom found in Philippine waters (Tabeta et al. 1975 , Tabeta et al. 2976 , although the larvae migrate in that direction. The eel spawn in waters west of the Mariana Islands (1.5' N, 140" E), and their larvae drift with the North Equatorial Current at a speed of 20 to 32 cm S-' (Kimura et al. 1994) . Depending upon the speed of the current and the distance involved, larvae arrive in Philippine waters approxin~ately 55 to 87 d after hatching. The age of the elvers at ~netamorphosis at the 6 estuaries studied in Taiwan, China and Japan averaged 116 to 138 d (Table 5 ). The leptocephali which arrive in Philippine waters are apparently too young to metamorphose and migrate toward estuaries. This may explain why the Japanese eel is seldom found in the Philippines.
Three fully groct7n leptocephali of Japanese eel were collected in the southeastern waters of Taiwan, between approximately 20" and 22" N. One of them had a TL of 55.80 and was 84 d old (Tanaka 1975 , Tabeta & Takai 1975a ,b, Tsukamoto et al. 1992 . Based on the age at metamorphosis (116 to 138 d) estimated in this study and the location of the fully grown leptocephali, the latitude where leptocephali may metamorphose to become glass eels was estimated to be in a n area further north from Taiwan. If this is true, the migratory distance covered from the time of metamorphosis to the tlme of arrival at estuaries should be greater for elvers in the southern portion of Taiwan than for those in the northern portion (Fig. 1) . This may explain why the time from metamorphosis to arrival at estuaries for the elvers collected at Site T (T, & T,) in southern Taiwan was longer than for those collected at Site S (S, & S2) in northern Taiwan (Fig. 6C ). This also supports the hypothesis that elvers along the southwestern coasts of Taiwan are being carried by the China Coastal Current from the north (Tzeng 1985 , 1986 , Tzeng & Tsai 1992 ).
In conclusion, age at metan~orphosis and the lengthy duration of the leptocephalus stage are important factors determining the long-distance dispersal of the Japanese eel. 
